Three types of crosslinked amino starch (CAS) were prepared via a dry process by using monomethylamine, dimethylamine and trimethylamine as materials, respectively. The effect of material ratio on the nitrogen content of CAS was investigated. CASs were characterized by scanning electron microscopy and Fourier-transform infrared spectroscopy. The decoloration performance of Congo Red in the aqueous solution by CASs was also studied. With the aim to understand the adsorption mechanism and evaluate the maximum adsorption capacity, the adsorption equilibrium data were analyzed by Langmuir, Freundlich and Sips models. The isotherm data fits the Sips model better than the others. The maximum adsorption capacities of crosslinked monomethylamine starch, crosslinked dimethylamine starch and crosslinked trimethylamine starch are 363.09, 243.62 and 358.46 mg/g, respectively.
Introduction
Synthetic dyes, as common industrial raw materials, have been widely used in different industries such as textiles, paper, plastics and leather. It is estimated that 10%-15% of the total dye produced is discharged into the environment in effluent [1] . Most of the dyes contain aromatic rings in their structures, which make them non-biodegradable, carcinogenic and mutagenic for aquatic systems and human health [2] . Therefore, removing them from the aquatic ecosystems is essential. A variety of physical and chemical methods are applied to dye treatment, such as flocculation [3] , adsorption [4] , photodegradation [5] , electrochemical oxidation [6] and biodegradation [7] . Adsorption has been considered as the attractive technology, due to its simple operation, without secondary pollution, low cost and high removal efficiency [8] .
As an abundant, inexpensive, environmental friendly and biodegradable material, starch is suitable to prepare adsorbents [9, 10] . Recently, starch-based materials are widely studied to adsorb synthetic dyes from aqueous solution [11] . Delval et al. [12] prepared amino starches using epichlorohydrin and NH 4 OH as crosslinking agents and used them to adsorb various dyes from aqueous solutions. The results showed that amino starch exhibited interesting sorption properties and that the sorption mechanism was correlated to the structure of the polymer. Gomes et al. [13] prepared starch/cellulose nanowhiskers hydrogel composite and used them as robust and efficient methylene blue adsorbent. He et al. [14] prepared chitosan/oxidized starch/ silica hybrid membrane by using oxidized starch and 3-aminopropyltriethoxysilane as crosslinking agents and studied its adsorption properties for two direct dyes (Blue 71 and Red 31). In the development of adsorbents, high adsorption efficiency as well as a green and simple process are the most two important aspects.
In this work, three kinds of crosslinked amino starch (CAS) were prepared via a dry process by using monomethylamine (MMA), dimethylamine (DMA) and trimethylamine (TMA) as materials, respectively. Effect of the materials ratio on the nitrogen content of CAS was studied. In the preparation of starch derivatives, dry process is known as green and simple process due to high degree of substitution, high reaction efficiency, pollution-free, without gelatinization inhibitors, etc. [15] . Because of the cationic character of CAS, CAS may show good adsorption performance to some anionic dyes by electrostatic interaction. Congo red (CR) is a benzidine-based anionic bisazo dye, which is acknowledged to metabolize to benzidine [16] . Then CR, as a model dye, was used to evaluate the adsorption performance of CAS to anionic dyes. With the aim to understand the adsorption mechanism and evaluate the maximum adsorption capacity, the isotherms models were used to analyze the adsorption equilibrium data.
Materials and methods

Materials
Corn starch (Food grade), purchased from Zhucheng Xingmao Corn Developing Co., Ltd. (Weifang, China), was dried at 105°C before it was used. The CR and sodium hydroxide were analytical grade and provided by Sinopharm Reagent chemicals Co., Ltd. (Shanghai, China). The monomethylamine, dimethylamine and trimethylamine were all analytical grade and obtained from Tianjin Fuchen Chemical Reagents Factory (Tianjin, China). Epichlorohydrin (ECH, Analytical grade) was obtained from Tianjin Bodi Chemical Co., Ltd. (Tianjin, China). All other commercial chemicals were analytical grade and used without further purification. The water used in all the experiments was doubly distilled.
Synthesis of CAS
CAS was prepared in two steps via a dry process. Corn starch was activated with NaOH, and then CAS was prepared by reacting active starch with ECH and amine. A typical crosslinking reaction was carried out as follows: Corn starch (16.2 g, dried) was mixed with NaOH (4 g, 50% W/W) to give a homogeneous paste via a high-speed mixer (Philips HR2874, China). The mixture was heated at 45°C for 2 h in an oven. After cooling to room temperature, the activated starch was mixed with ECH and MMA to give a homogeneous paste via a high-speed mixer (Philips HR2874, China). The mole ratio of starch, ECH and MMA were 0.1:0.015:0.01, 0.1:0.03:0.02 and 0.1:0.075:0.05, as shown in Table 1 . Then the mixture was heated in an oven at 50°C for 5 h. Finally, the products were washed with distilled water for three times and then dried at 50°C for 12 h. The samples are named as crosslinked monomethylamine starch (CMS).
Crosslinked dimethylamine starch (CDS) and crosslinked trimethylamine starch (CTS) were prepared under the same conditions by using DMA and TMA instead of MMA, respectively.
Characterization of samples
Nitrogen contents of samples were measured by the Kjeldahl method (ISO 3188: 1978) . The surface morphology of raw starch (RS), CMS, CDS and CTS were characterized by a scanning electron microscopy (JSM-5610LV, Jeol, Japan). The information of Fourier Transform Infrared (FTIR) was obtained on FTIR spectrometer (MAGNA550, Nicolet, America) with samples in KBr pellets and wavenumber over the range of 400-4,000 cm -1 at 25°C.
Batch adsorption experiments of CR
Batch methods were adopted in the adsorption experiments. A series of CR solution with the concentration from 0 to 3,000 mg/L. The initial pH of CR solution was adjusted to 6.0 by adding either 0.1 M HCl solution or 0.1 M NaOH solution. 50 mg of CAS was added to 50 mL of CR aqueous solution in a 100 mL glass-stoppered Erlenmeyer flask. The suspension was stirred at a uniform speed of 120 rpm on a water bath oscillator (SHA-C, China) at room temperature. After the equilibrium was reached (about 180 min), the suspension was filtered through a 0.2 μm nylon membrane by using a syringe filter, and the concentration of CR in the aqueous phase was determined by using a Shimadzu UV-VIS spectrophotometer (UV-2550, Japan) at the maximum wavelength of 500 nm. Repeated three times in each cases. The adsorption capacity was calculated according to Eq. (1):
where Q is the adsorption capacity of CR (mg/g), C i and C t (mg/L) are the initial and final concentrations of the CR in the adsorption solution, respectively. V (mL) is the volume of the adsorption solution and m (mg) is the mass of the adsorbent. 
Results and discussion
Preparation of CAS and their characterization
Preparation of CAS
The preparation of CAS was carried out as a baking process. The effect of molar ratio of materials on the nitrogen content of CAS is presented in Table 1 . Generally, the nitrogen content gradually increases with increasing amount of ECH and amine. This can be explained by a more intensive crosslinking reaction. The comparison among CMS, CDS and CTS turns out that they show different reaction trends. At the same molar ratio of materials, the nitrogen content of CMS, CDS and CTS were reduced in turn. The reason may be the steric hindrance of amine.
ECH is the most common crosslinker in the preparation of crosslinked starch [17] . Excess ECH, about 1.5 times the amount of amine, was used in the present study to improve the mechanical stability of CAS. Simkovic et al. prepared crosslinked starch in one step via the crosslinking of starch with ECH and NH 4 OH [18] . As described by Simkovic, a poly(hydroxyproplyamine)-based material could be produced by reacting only ECH with NH 4 OH in a basic media [18] . According to Simkovic's opinions, a possible reaction mechanism of starch, ECH and amine is shown in Fig. 1 
FTIR spectra analysis
The FTIR spectra of CTS, CDS, CMS and RS are shown in Fig. 2 . The broad absorption peaks around 3,400 cm -1 are indicative of the existence of bonded hydroxyl groups. The peaks of modified starch are broadened because of the hydroxyl groups that are reacted. Bands at 2,920 cm -1 attribute to the C-H stretching vibration. The characteristic ring vibrations and the especially anomeric C-H deformations are still present in the polymers in the 900-550 cm -1 region [19] . In the IR spectra of CAS, the band at 2,854 cm -1 appears corresponding to C-H (in CH 2 N group) vibrations, which indicates amine is introduced in CAS.
SEM analysis
The scanning electron micrographs of RS, CMS, CDS and CTS are shown in Fig. 3 . As can be seen, the RS granules are almost spherically shaped, with a smooth surface. The size of the granules is about 10 μm. After reacting with ECH and amine, the surface of the CAS particles are rough and have multiple collapses, leading to an increase in its specific surface area. Solid-phase reactions usually occur on the surface of the starch granules, often accompanied by the deformation of the granules. Crosslinked starch phosphate carbamates using a dry process shows the similar morphology with CAS [20] .
Compared CDS and CTS with CMS, the surface morphology is different. The surface of the CMS particles was rougher and the holes were smaller. The changes in morphology may be due to the difference of crosslinking mechanism. The crosslinking of CMS is mainly Eq. (3). The crosslinking of CDS and CTS are mainly Eq. (2). A more intensive crosslinking reaction leads to rougher surface and smaller holes on the CMS granules.
Adsorption performance of CR on CAS
As a model dye, CR was used to evaluate the adsorption performance of CAS to anionic dyes. Nine CAS samples, as shown in Table 1 , were used to adsorb CR via batch methods at room temperature. Effect of the equilibrium concentration on the adsorption capacities of CR on CAS is shown in Fig. 4 as dots.
All of the samples depict the similar phenomenon: the adsorption capacity increases rapidly with the increase of CR concentration, then the adsorption capacity increases slightly until the equilibrium is reached. The content of nitrogen has a significant effect on the adsorption capacity. Fig.  4(a) shows that the maximum adsorption capacity of CMS1 from the experiments is 145.59 mg/g at the equilibrium concentration of 2,854.41 mg/L. The equilibrium concentration at the saturated adsorption does not change much for the adsorption of CR on CMS2, but the adsorption capacity increases to 194.6 mg/g. With the increase of nitrogen content, Fig. 1 . A possible reaction mechanism of starch, ECH and amine. Fig. 2 . FTIR spectra of CTS, CDS, CMS and RS. the maximum adsorption capacity increases dramatically. The equilibrium adsorption capacity rises to 366.17 mg/g at the equilibrium concentration of 2,633.83 mg/L for the adsorption of CR on CMS3. The similar trend is also found in Fig. 4(b) (for the adsorption of CR on CDS) and Fig. 4(c) (for the adsorption of CR on CTS). The maximum adsorption capacity of CR on CDS and CTS from the experiments are 253.44 and 292.64 mg/g, respectively. The increase in nitrogen content indicates an increases the content of amino groups in CAS, providing more active sites for the adsorption of CR. On Comparing the adsorption capacities of CMS, CDS and CTS, CMS3 shows the highest adsorption capacity because of its highest nitrogen content. Though the nitrogen content of CTS3 is lower than the CMS3 and CDS3, CTS3 shows the second highest adsorption capacity. This is owing to the cationic nature of CTS3, as shown in Fig. 1 . CTS3 shows excellent adsorption performance to CR by electrostatic interaction due to its relatively strong cationic character. Isotherm modeling is an indispensable tool to understand the adsorption mechanism and evaluate the maximum adsorption capacity. Langmuir [21] , Freundlich [22] and Sips [23] isotherms were widely used to examine the importance of different factors on dyes adsorption by a given adsorbent, and then the three isotherms have been used to describe the experimental data for the equilibrium adsorption of CR on CAS.
The equations of Langmuir, Freundlich and Sips isotherms are summarized in Table 2 . In the three equations, C e and Q e are equilibrium CR concentration (mg/L) and equilibrium adsorption capacity (mg/g), respectively; Q m is the constant representing maximum adsorption capacity (mg/g). The parametric values of the respective isotherms have been obtained by using non-linear regression analyses and are given in Table 3 . The maximum adsorption capacity from the experiments (Q m-exp ) is also shown in Table 3 . The plots in Figs. 4(a)-(c) are the isotherms for the adsorption of CR on CMS, CDS and CTS, respectively.
Comparing the correlation coefficients (R 2 ), Sips isotherm (R 2 > 0.99) is the best-fit isotherm among the three isotherm models for all the nine samples. Sips isotherm is the combination of both Langmuir and Freundlich isotherms. At low adsorbate concentrations, it reduces to a Freundlich isotherm, while at high adsorbate concentrations it shows the characteristic of the Langmuir isotherm with a saturated adsorption capacity. The maximum adsorption capacities of CMS3, CDS3 and CTS3 from Sips isotherm fitting are 363.09, 243.62 and 358.46 mg/g, respectively. For the results presented in Table 3 , the Sips isotherm provided accurate fit to the experimental data. The Sips model exponent s indicates surface heterogeneity and for a highly heterogeneous system, the deviation of s value from unity will be higher. The s values of CMS and CDS show higher deviation from unity than CTS, which indicates that the CMS and CDS surfaces are more heterogeneous than CTS in nature. The surface heterogeneity of CMS and CDS maybe attribute to the crosslinking reactions, as shown in Fig. 1 . The adsorption of CR on other amino biomaterials such as cross-linked chitosan [24] and gemini surfactant modified chitosan hydrogel beads [25] were also observed to obey Sips equation well. Table 2 The summary of adsorption isotherms
Isotherm Equation Parameters
Langmuir 
Comparative assessment of CAS as an adsorbent of CR
The performance of CAS has been compared with the related adsorbents which are reported previously which is represented in Table 4 . The maximum adsorption capacity is from the Langmuir, Sips or Temkin isotherm fitting. Comparison of CMS3 with different adsorbents shows that CMS3 has a higher adsorption capacity than other adsorbents except for modified chitosan materials.
Conclusion
Three types of CAS were successfully prepared via a dry process by using MMA, DMA and TMA as materials. The results of FTIR spectra and SEM indicate the crosslinking reaction mechanism. The nitrogen content gradually increases with increasing amount of ECH and amine due to a more intensive crosslinking reaction. At the same molar ratio of materials, the nitrogen content of CMS, CDS and CTS were reduced in turn because of the steric hindrance of amine. CAS has good decoloration performance of CR. The decoloration performance is highly affected by the nitrogen content and type of CAS. Results show that the higher the nitrogen content of CAS, the greater the adsorption capacity. The equilibrium data were analyzed by Langmuir, Freundlich and Sips isotherm. The equilibrium data fit Sips isotherm better than the others and the maximum adsorption capacity of CMS, CDS and CTS is 363.09, 243.62 and 358.46 mg/g, respectively. CAS has a promising future for the CR removal from the effluent. 
